The prevalence rate for cardiovascular malformations in dogs presented to a large university veterinary clinic was 6.8 per 1000. Patent ductus arteriosus, as in man, was found predominantly in females. Breed-specific prevalence rates were significantly greater in purebred dogs than in mongrek, and the breed distributions of patent ductus arteriosus, pulmonic stenosis, subaortic stenosis, persistent right aortic arch, and tetralogy of Fallot were significantly different than would be expected if all breeds were equally susceptible to each type of malformation. On the basis of these observations, two hypotheses were made:
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• The past two decades have seen remarkable progress in the diagnosis and treatment of congenital heart disease, but the causes and developmental alterations in this major class of birth defects are still poorly understood. Known environmental teratogens such as rubella and thalidomide account for only a small proportion of affected children, and aside from the cardiac defects which accompany certain major gene mutations and chromosomal anomalies, there is little conclusive evidence that genetic factors are a major cause (1, 2) . The numerous developmental theories which have been proposed to account for various types of cardiovascular malformations are based largely on knowledge of normal cardiac development.
The actual morphogenetic alterations involved have not been observed, since embryos with predictable defects have not been available for study at varying stages of development.
Because of the difficulties inherent in studying congenital diseases of complex etiology in man, there is a great need for animal models of congenital heart disease, in which the causative roles of environmental and genetic factors can be clarified, and in which the needed embryologic studies can be carried out. While maternal vitamin deficiencies and a variety of chemical and physical agents have been shown to cause congenital heart CirciUtion Reiimcb, Vol. XXI11, A»put 1968 disease in laboratory animals (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , the experimental conditions used were usually not representative of the natural environment of man. In most cases a variety of different defects of the heart and vessels was produced by a given teratogen, and there were usually extensive anomalies of other organs as well, making embryologic studies of a specific cardiac defect difficult. For these reasons, experimentally induced cardiovascular malformations have failed to clarify greatly either the specific causes or morphogenetic derangements in naturally occurring congenital heart disease.
An alternative and perhaps more realistic approach to the study of congenital heart disease through animal models is the investigation of "spontaneous" cardiovascular anomalies in animal populations, in an attempt to identify naturally occurring etiologic factors. Although knowledge of the incidence and spectrum of cardiovascular malformations in most species of animals is sparse, scattered reports indicate that animals are, in general, subject to the same types of cardiovascular defects as man; perhaps the underlying causes are similar as well.
Preliminary studies of the distribution of cardiovascular disease in dogs presented to a university veterinary clinic indicated that the prevalence of congenital heart disease in that population was 5 to 10 per 1,000; the common malformations were similar to those in man (13, 14) . Certain defects appeared to be distributed nonrandomly among the breeds, suggesting a genetic influence (14, 15) . Based on this preliminary evidence, a more extensive analysis was made of the breed distributions of cardiovascular malformations in the same clinic. This paper will present some of the results of that analysis, formulate hypotheses regarding the importance of genetic factors in the etiology of congenital heart disease in the dog, and summarize the results of preliminary genetic studies designed to test these hypotheses.
Materials and Methods
Epidemiologic data are based on the distribution of congenital heart disease in dogs presented to the University of Pennsylvania Veterinary Clinic between December 31, 1952 and January 1, 1966 (13 years) . The breedand sex-specific prevalence rates for various cardiovascular malformations were determined for the eight-year period between December 31, 1957 , and January 1, 1966, since the population base during that time was well defined. Clinical methods and criteria for the diagnosis of cardiovascular disease in the dog are summarized in a previous paper (13) . Of the 290 dogs in which cardiovascular malformations were detected, specific diagnoses could be made in 248 (85.5%). Dependable signs of heart disease (13) were present in the remaining 42 dogs but specific diagnoses were not made, usually because the owners were not willing to return the animals for further study. Final diagnoses were assigned on the basis of postmortem examination in 160 dogs, and by clinical examination in the remaining 88. In the latter group, clinical diagnoses were confirmed by cardiac catheterization and/or surgery in 53 dogs, and in the remaining 35 the final diagnosis was based on physical, roentgenographic and electrocardiographic signs considered typical of one specific malformation. When the diagnosis of congenital heart disease in one dog led to the discovery of additional cases in the same immediate family, only the propositus was included in the analysis of the clinic population.
Preliminary genetic studies were carried out in three groups of dogs:
(a) A group of clinically normal control dogs, unrelated to the experimental group.
(b) Families in which more than one affected animal was discovered.
(c) A colony of dogs with various cardiovascular malformations, donated to the University of Pennsylvania Veterinary Clinic.
In the families studied, initial matings were dictated to a great extent by the cooperating dog breeders, but pups with congenital heart disease which resulted were donated for study and used in subsequent test matings planned by the investigator. Family information was usually not available in the third group, and an unknown portion is presumed to consist of sporadic cases of congenital heart disease. In initial matings of the latter group, to give the highest probability of yielding affected offspring regardless of mode of inheritance, breeding pairs of the same breed, affected with the same anatomical type of malformation, were chosen whenever possible. In all, offspring of 91 matings were studied. Of these, 352 pups were from 65 litters in which all members were available for examination. The surviving offspring were screened for cardiovascular disease by methods described previously (13) . Dogs in which evi-dence of cardiovascular abnormality was found were studied further by cardiac catheterization and angiocardiography. Autopsies were performed on animals which were stillborn or died, including complete dissection of the heart and great vessels (a dissecting microscope was utilized when the hearts were small). Most of the clinically normal offspring of matings between members of the normal control group and between affected dogs of unknown family history were killed for detailed postmortem study. This was often not possible in a family studied, however, since clinically normal pups from matings not planned by the investigator were usually retained by the owners. At least one affected member of each of the families studied and each of the parents of unknown family history was screened for chromosomal abnormalities. Peripheral blood leukocytes were cultured and harvested essentially according to the method described by Moorhead et al. (16) .
Initial test matings of families discovered to have multiple cases of congenital heart disease were carried out, through the cooperation of owners, in the kennels where the propositi were born. Subsequently, affected and unaffected animals obtained from the family studies, affected dogs collected from the veterinary clinic and control dogs, were raised to maturity and mated in kennels maintained or contracted for by the investigator. Standard commercial diets 1 were fed, and none of the pregnancies were known to be complicated by infectious disease or exposure to other teratogenic agents.
•In the initial studies, carried out in private kennels, the brands of commercial diet included Gaines Dog Meal, Wayne Dog Food, and Ken-L-Biskit. In subsequent studies, Purina or Gaines Dog Meal have been fed, supplemented with Ken-L-Ration. 
Results

EPIDEMIOLOGIC STUDIES
During the thirteen-year period studied, 290 dogs with congenital heart disease were found in the veterinary clinic population. Of these, 240 were seen after December 1957. Specific cardiovascular diagnoses are given in Table 1 . A specific diagnosis could be made in all but 42, which are listed as "incompletely diagnosed." Single malformations were found in 216 of the dogs, while 32 had more than one separate malformation (only those defects which are generally believed to involve separate developmental processes were considered to be separate malformations). Excluding incompletely diagnosed cases, 17 different types of cardiovascular malformations were recognized. The most common anomalies were patent ductus arteriosus, pulmonic stenosis, aortic stenosis (39 of 40 were of the subvalvular fibrous ring type), persistent right aortic arch, ventricular septal defect, and tetralogy of Fallot, in that order. These six defects accounted for 72% of all the malformations found. Ostium secundum atrial septal defects or patent foramen ovale were found in twelve dogs but in only three were they isolated defects. Persistent left cranial vena cava was diagnosed in 13 dogs, but in each case was associated with another malformation; in ten dogs the other malformation ; inten right aortic arch. Cardiac conduction disturbances without other evidence of heart disease were detected in three immature dogs. Two had a pattern of the right bundle branch block type; the third had the Wolff-Parkinson-White syndrome.
Sex-specific prevalence rates for cardiovascular malformations, found from January 1958 through December 1965, are given in Table  2 . The rates for all malformations as a group were not significantly different in males (6.5/ 1,000) than in females (7.0/1,000). When rates for each of the common malformations were examined, only patent ductus arteriosus showed a significant sex difference. This anomaly occurred more frequently in females (2.49/1,000) than in males (1.45/1,000) (P<0.05).
Breed-specific prevalence rates for all cardiovascular malformations as a group, from January 1958 through December 1965, are given in Table 3 . After age adjustment, rates ranged from 2.6/1,000 in mixed dogs to 63.5/ 1,000 in Newfoundlands. The prevalence rate in purebred dogs as a group (8.9/1,000) was significantly greater than in dogs of mixed breeding (2.6/1,000) (P<0.001). The breed distribution of each of the six most common malformations, found during the period 1953 through 1965, is given in Table 4 . The data are presented in the form of a large contingency table in which the expected values are based on the hypothesis that, among dogs with common forms of congenital heart disease, there is no difference between one breed and another in the proportions of different types of defects. It is evident from inspection of Table 4 that certain defects were found Circulation Research, Vol. XXIII, August 1968 predominantly in certain breeds. In those breeds in which the observed number with a specific defect was more than double that expected and at least three cases were observed, the probability of the observed or more extreme distributions was determined by partitioning Table 4 into a series of 2 by 2 tables. The tables were evaluated by means of the x 2 test or Fisher's exact probability test, depending on the size of the expected numbers. Since the purpose was to test for differences between breeds, each breed in which an unusual aggregation of one type of defect occurred was tested against all other purebreds as a group. The results of these tests are summarized in Table 5 .
Within the group of purebred dogs with congenital heart disease, the poodle, collie, and Pomeranian breeds each had a greater proportion of dogs with patent ductus arteriosus than would be expected by chance. Similarly, the English bulldog, Chihuahua 3 'Observed number S 3, and observed number 2: 2 times the expected number under the hypothesis that, among dogs with congenital heart disease, all _ breeds are equally likely to have a given type of malformation (except aortic stenosis in German shepherds, in which the observed number was 1.8 times that S. expected). 
Breed Distribution of the Six Most Common Cardiovascular Malformations
X X
^" Distribution of Six Common Cardiovascular Anomalies in Certain Breeds
No.
No.
Tetralogy of Fallot
Total
Poodle Collie Pomeranian
English bulldog Fox terrier Beagle Chihuahua German shepherd Boxer Newfoundland
Irish setter Keeshond
Other purebred All purebred A P value above represents the probability of the observed or greater number of dogs in a given breed with a given anomaly, under the hypothesis that dogs of that breed are not more likely to have that particular defect than the five other common anomalies. The P values were computed by the Chi Square test when the expected number was five or greater. Fisher's exact probability test (one-tailed) was used when the expected numbers were smaller. and fox terrier breeds each had a higher proportion with pulmonic stenosis. The aggregation of pulmonic stenosis in beagles was not statistically significant (P = 0.078) when tested against all other purebreds. The German shepherd, boxer, and Newfoundland breeds each had a significantly higher proportion of dogs with aortic stenosis than other breeds; German shepherds and Irish setters had a higher proportion with persistent right aortic arch; and keeshonden had a higher proportion with tetralogy of Fallot. Five (1.7*) of the 290 dogs with cardiovascular malformations had other obvious defects. Two had thoracic deformities characterized by flattening of the ventral thoracic wall, one had hydrocephalus and a large umbilical hernia, one had bilateral medial luxation of the patellae, and a fifth dog had a median cleft in the upper lip, gingiva and maxilla.
SIGNIFICANCE OF THE EPIDEMIOLOGIC FINDINGS
No outstanding differences between the sexes in the prevalence of congenital heart disease was found, except in the case of patent ductus arteriosus. It is of interest that a female preponderance has also been demonstrated in this anomaly in humans (17) (18) (19) (20) .
Of greater importance are the apparent differences between breed groups with respect to the prevalence of congenital malformations of the heart and great vessels. These suggest that there may be considerable variation in incidence between breeds, and that purebreds are more susceptible than mixed dogs.
"Pure" breeds constitute genetically relatively homogeneous groups of animals, in that individuals within a breed are usually related through a number of common ancestors. Breeds of dogs are by no means comparable to genetically pure strains of laboratory animals, but as evidenced by their phenotypic uniformity with respect to certain physical traits, they are homozygous at many loci. Neither are breeds of dogs analogous to the races of man. If an analogy is to be made, breeds more closely resemble certain human genetic isolates such as the old-order Amish (21) , in which most individuals within a community are descended from a few founding fathers. Most dogs of the same breed have at least one common ancestor within five generations; within strains of a breed, individuals may be more closely related, depending on the system of mating followed (e.g., outcrossing or line-breeding).
We may conclude that members of the same breed are more alike genetically than members of different breeds. Gene mutations which arise within a breed, if not too severely selected against (by artificial or natural selection), can be expected to be retained with a certain frequency within the breed, except where they are transmitted to the "mixed breed population" by cross breeding. It follows that, through chance, certain mutations may appear in one breed and not in another. The phenotypic effects of recessive gene mutations would be expected to be seen less frequently in mixed than purebred dogs, since mongrels are homozygous at fewer loci.
The interpretation of epidemiologic data from most genetic isolates is complicated because there is a strong tendency for them to be geographic isolates, sharing a common environment as well In the dog, an unusual situation exists: while a pure breed is a genetic isolate in the true sense, individual members of most breeds live in environments as diverse as those of their masters.
Because environmental factors are thus essentially randomized, the apparent predisposition of certain breeds to specific cardiovascular defects is most readily explained by a nonrandom distribution of genetic determinants among the breeds. Based on this reasoning, the following etiologic hypotheses were proposed:
(a) Genetic factors are determinants of certain types of congenital heart disease in the dog.
(b) These genetic factors have specific effects on cardiac morphogenesis, resulting in specific types of cardiovascular malformations.
The hypotheses as stated do not specify 'Includes two pups which died before 1 week of age and were not examined clinically. The ductus arteriosus was widely patent in both on postmortem examination, and there was marked cardiomegaly, pulmonary congestion, and edema.
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Under the hypothesis of autosomal dominant inheritance, proportions of affected offspring in the various types of matings, differing as much or more than those observed, would be expected in approximately 70% of such experiments ( x 2 = 0.665, df -2).
whether the malformations are produced by genetic factors acting directly on cardiac development through the genome of the embryo, or by genetically determined abnormalities in the maternal uterine environment. Neither do they indicate whether the suspected genetic factors are simple or complex, nor whether they act alone or in concert with teratogenic agents in the environment. These hypotheses may be partially tested by breeding experiments and family studies. If affected dogs are mated in the proper combinations and genes are of primary importance, genetic transmission of the malformations should be demonstrable. Family studies should reveal aggregations of cardiovascular malformations consistent with genetic transmission. If the genetic effect is indeed a specific one, the anomalies transmitted should be of a specific and predictable type.
GENETIC STUDIES Control Matings
Seven matings were made between dogs with no clinical evidence of congenital heart disease and no known relationship to dogs with cardiovascular malformations. In four matings, a male mixed poodle was mated once to his mother, twice to his litter sister, and once to a normal collie. In a fifth mating, a male German shorthair pointer was crossed Circulation Research, Vol. XXIII, with a mixed female poodle, in a sixth two mixed German shepherds were mated, and in a seventh two normal beagles were mated.
Of the 49 pups born of control matings, 20 were males and 29 were females. Fortyfive were killed and found to have normal hearts on postmortem examination. The four remaining dogs are clinically normal.
Patent Ductus Arteriosus
Affected dogs used in test matings included a male miniature poodle, a female toy poodle, and two female mongrels. All had isolated patent ductus arteriosus with left-to-right shunt. Normal dogs included a male poodle, female beagle, and female mixed poodle, all unrelated within at least five generations to the other dogs used in these studies, and a normal daughter of a mating between the affected male poodle and one of the affected female mongrels. The results of these matings are summarized in Table 6 . Ten matings produced 36 offspring. Two pups which died before 1 week of age had marked cardiomegaly, pulmonary congestion and edema, and a widely patent ductus arteriosus on postmortem examination. Of the pups which survived the neonatal period, 21 developed clinical signs of patent ductus arteriosus. No auscultatory abnormalities were evident until the fifth to the fourteenth day 
Angiocardiograms of dogs with hereditary patent ductus arteriosus. A: Aortic angiogram of a 3-monthold female pup from a cross between a male miniature poodle with patent ductus arteriosus and a normal female beagle. A machinery murmur was heard in the first 2 months after birth, but was no longer audible when this angiogram was made at 3 months of age. Following injection of contrast medium into the arch of the aorta (A), a small patent ductus arteriosus (D) is opadfied. A jet of contrast medium (arrow) passes into the pulmonary artery (P)
, which is also opadfied. B: Angiocardiogram of the 4-monih-old male offspring of a cross between a male miniature poodle and a female mongrel, both with patent ductus arteriosus. Following injection of contrast medium into the right ventricle (R), the enlarged pulmonary artery (P), large patent ductus after birth when systolic murmurs were detected. These lengthened and were continuous by the end of the third week and were usually accompanied by a precordial thrill In six affected pups, the patent ductus arteriosus was ligated and uneventful recovery followed. Of the 15 pups which were clinically affected but in which surgical correction was not carried out, four of seven males and five of eight females died between 2 and 6 weeks of age with signs of pulmonary congestion and edema. Clinical signs in four surviving pups which were not treated surgically have remained typical of patent ductus arteriosus with left-to-right shunt. Loud continuous murmurs are audible, electrocardiographic evidence of left ventricular hypertrophy is present, and thoracic radiographs give evidence of increased pulmonary blood flow, enlargement of the left atrium, left ventricle, ascending aorta, and main pulmonary artery segment. Aortic angiograms demonstrate a left-to-right shunt at the level of the ductus arteriosus.
In two other surviving offspring, the continuous murmurs heard during the first few weeks of Me were no longer audible at 3 months of age. One of these pups has been shown by aortic angiography to have a very small patent ductus arteriosus with leftto-right shunt ( Fig. 1, A) . The other has a short, grade 1 systolic murmur and a closely split, second heart sound. Cardiac catheterization and angiocardiography in the latter dog demonstrated pulmonary hypertension with right-to-left shunt through a large patent ductus arteriosus ( Fig. 1, B) .
Postmortem examination in the eleven affected pups which died showed pulmonary congestion, dilatation of the left atrium, left ventricle, and ascending aorta, and aneurysmal dilatation of the ventral wall of the aorta at the site of origin of the ductus arteriosus. arteriosus (D), and descending aorta (A) are opadfied. This dog had a short, early systolic murmur and close splitting of the second heart sound at the time of cardiac catheterization. Pulmonary arterial and aortic peak systolic pressures were equal.
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The patent ductus arteriosus was usually funnel-shaped, the largest diameter being at the aortic end. Histologic sections of the ductus arteriosus in two pups which died at 13 days of age showed a wide ductus lumen and lack of intimal hyperplastic changes usually observed in normal pups of the same age (Fig. 2) . Other gross malformations of the heart or malformations of other organs were not found in any of the offspring of these test matings.
In these matings, 12 of 19 males and 11 of 17 females had patent ductus arteriosus ( Table 6 ); while the proportion of females affected exceeded the proportion of males affected in matings between affected and normal dogs, the reverse was true in matings in which both parents had patent ductus arteriosus. Fully penetrant autosomal recessive and sex-linked inheritance can be excluded by the results of these experiments, but the proportion of affected offspring in the three types of matings agrees closely with that expected under the hypothesis of autosomal dominant inheritance.
Pulmonlc Stenoili In Beagles
A female beagle and her two male offspring, purchased by a pharmaceutical company, were found to have isolated valvular pulmonic stenosis. The male parent and other members of the family were not available for examination. Breeding experiments utilizing these three dogs and another similarly affected female beagle of unknown family background are depicted in the pedigree in Figure 3 . Clinically normal beagles used in these experiments included two females born of matings between the affected males and their mother and two other normal beagles, a male and a female, which had unknown family histories but were not related to each other or to the affected dogs within four generations.
Of 41 offspring bom of seven matings, eight had isolated valvular pulmonic stenosis as proved by cardiac catheterization (three dogs) or postmortem examination (five dogs). Three affected dogs which survived the early neonatal period had loud ejection type of systolic murmurs and precordial thrills which were most intense in the left third to fourth intercostal space just below the costochondral junction. Electrocardiograms were indicative of right ventricular hypertrophy. Cardiac catheterization demonstrated peak systolic pressure gradients of 28 to 50 mm Hg across the pulmonary valve. Systolic "doming" of the stenotic pulmonary valve and post ste- Pedigree of test matings of beagles with valvular pulmonic stenosis. Matings of two affected dogs, and a mating between an affected male and one of his normal daughters from a mating to his own mother produced pups with valvular pulmonic stenosis. Crosses to normal beagles which were not closely related did not produce affected offspring. In this and other pedigrees in this paper, males are indicated by squares, and females by circles.
notic dilatation of the main pulmonary artery were evident in angiocardiograms. The five affected hearts which were examined postmortem showed right ventricular hypertrophy and post-stenotic dilatation of the main pulmonary artery (Figure 4 ). Varying degrees of deformity of the pulmonary valve were present, ranging from moderate thickening of three normally placed cusps to markedly thickened, dome-shaped diaphragms in which no distinct cusps could be delineated (Figure 4) .
No other malformations of the cardiovascular system were found in the offspring of these matings, but two otherwise normal dogs from a mating between a female beagle with pulmonic stenosis and a normal male beagle had clefts of the upper lip and maxilla. The results of test matings are summarized in Table 7 . Pups with pulmonic stenosis were produced both by matings between two affected parents and by a mating in which an affected male was mated to his clinically normal daughter. Two matings between dogs with pulmonic stenosis and normal beagles which were not closely related produced 17 offspring, all of which had normal hearts. These results are not consistent with fully penetrant autosomal or sex-linked recessive inheritance, and fully penetrant autosomal and sex-linked dominant inheritance can be excluded with reasonable confidence (x 2 value for Table 2 under the hypothesis of autosomal dominant inheritance is 16.43, P < 0.001).
Subaortic Stenosis in a Family of Newfoundlands
Of 64 Newfoundland dogs presented to the University Veterinary Clinic over a period of 8 years, four had aortic stenosis caused by a fibrous subvalvular ring and one had valvular and subvalvular pulmonic stenosis. Other forms of congenital heart disease were not seen in this breed. In each case, a different owner presented his dog to the clinic, presumably without prior knowledge of other affected dogs. Two of the dogs with subaortic stenosis, presented independently in 1963, were later found to have originated from the same kennel. Subsequently, two of the other affected dogs (one with pulmonic stenosis) were also traced to this kennel. A pedigree could not be obtained for the remaining dog.
The breeding stock of the kennel (14 dogs) was examined in 1963, and selected litters have been screened for cardiovascular disease since that time. Through the cooperation of the kennel owner, some of the affected pups which survived were retained for breeding experiments; others were killed for postmortem study. A pedigree chart showing all of the affected dogs known to have been produced in this kennel is presented in Figure 5 . Dogs brought to the veterinary clinic before discovery of their common origin are also included (pedigree nos. 39, 49, 50, 64) . A total of 33 cases of congenital heart disease were diagnosed. In 17, a final diagnosis was made by examination of the heart at autopsy, and in seven the diagnosis was based on clinical findings, including cardiac catheterization and angiocardiography. In nine other dogs, designated as "suspected aortic stenosis" in Figure 5 , a cardiovascular screening examination strongly suggested the presence of aortic stenosis but further studies were not made.
Of the 24 dogs in which a cardiovascular malformation was confirmed by autopsy or cardiac catheterization, 22 had subvalvular aortic stenosis, one had pulmonic stenosis (pedigree no. 64), and one had a diverticulum of the membranous interventricular septum (pedigree no. 93). Of the 22 dogs which had proven subaortic stenosis, five had outward signs of heart disease. Two of these developed generalized congestive heart failure and three others died suddenly, one after having had fainting attacks. Cardiac catheterization usually revealed systolic pressure gradients across the left ventricular outflow tract, but in some mildly affected dogs no significant gradient was found. Intracardiac phonocardiograms, however, revealed a high amplitude systolic murmur localized to the distal left ventricular outflow tract and ascending aorta. On postmortem examination dogs with subaortic stenosis had raised areas of fibrous endocardial thickening which partially or completely encircled the left ventricular outflow tract 2 to 5 mm below the aortic valve ( Figure 6 ). Thickenings usually took the form of one or more ridges of firm, white tissue which extended across spongiosum of the valve cusp is slightly thickened by loose collagenous tissue. There is thickening of the loose connective tissue at the base of the aortic valve cusp. Weigert's elastic stain, approximately 1% times actual size.
the interventricular septum to the anterior (aortic) leaflet of the mitral valve. In dogs in which the ridges were well developed, they crossed the mitral valve leaflet, completely encircling the left ventricular outflow tract. In mildly affected dogs, the ridges were less prominent and extended across the septal surface to the base of the aortic leaflet of the mitral valve, but the mitral leaflet was not thickened, and a complete ring was not formed. Histologic examination of the area of the subaortic ring, myocardium, and coronary vessels has been previously reported in a group of unrelated dogs with subaortic stenosis (22) . Findings were similar in this family. The stenotic ring consisted primarily of a loosely arranged network of reticular fibers with sparse nuclei (Figure 6, B) . The ground substance contained mucopolysaccharides, as demonstrated by alcian blue and pentachrome stains. A dense elastic lamina resembling the elastica interna was commonly observed beneath the endothelial covering of the stenotic ring. Discrete, small bundles of dense collagenous fibers were seen in sections of the stenotic ring; some of these bundles joined the annulus fibrosis of the aortic valve ring.
Examination of the pedigree in Figure 5 shows that dogs which were proved to be affected with subaortic stenosis usually had at least one parent which was known or suspected to have the same condition, sug-gesting autosomal dominant inheritance. Many of the affected dogs detected early in this study, however, came from litters in which all of the siblings were not available for examination, and the proportion of the affected offspring in these litters could not be determined. In the four test matings summarized in Table 8 , all 37 offspring were screened for cardiovascular disease, and those with cardiovascular abnormalities were retained for further study. In matings between a clinically normal male and three affected females, 8 of 18 males and 2 of 12 females had subaortic stenosis. One male had a small diverticulum of the membranous ventricular septum without subaortic stenosis. The proportion of affected offspring from these matings does not differ significantly from 0.50, that expected under the hypothesis of autosomal dominant inheritance. However, there is an equally good fit with the proportion which would be affected under the hypothesis of autosomal recessive inheritance, given matings between homozygous affected and heterozygous carrier animals. This possibility cannot be excluded when dealing with matings within a group of related animals, where the frequency of heterozygous carriers may be high. One mating was made between a male with suspected subaortic stenosis and a female which was proved affected, yielding seven offspring, three of which had subaortic stenosis. 
Panistent Right Aortic Arch and Penlttent Lsft Cranial V«no Cava In German Shipherds
A male and a female German shepherd, both affected with persistent right aortic arch, left ligamentum arteriosum, and mirrorimage branching from the aorta, were obtained separately as young puppies, through the veterinary clinic. The female had a small persistent left cranial vena cava. Examination of their pedigrees revealed no common ancestors within four generations. Surgical relief of esophageal obstruction was accomplished by severing the ligamentum arteriosum and freeing the entrapped esophagus. Both dogs were raised to maturity and used in test matings as depicted in the pedigree in Figure 7 , A.
The original parents and all offspring of these matings died or were ultimately killed for postmortem study. Thirty dogs were bom of three matings between the affected male and female. Of these, three had cardiovascular malformations. One (no. 1) had a persistent right aortic arch with arterial branching of the same type as that in the parents, and a persistent left cranial vena cava (Figure 7 , B and C). This pup died at 3 weeks of age. Another (no. 6) had a persistent left cranial vena cava but no other cardiovascular abnormalities, and a third (no. 13) had a patent ductus arteriosus and pulmonic stenosis.
Three of the offspring of the above matings, Defects of the conus septum in a family of keeshonden. Routine matings and breeding experiments within this family produced 58 dogs with cardiovascular malformations. All of the dogs represented in the pedigree chart were purebred keeshonden except the normal male mixed poodle labeled P (right side of chart) and the offspring resulting from matings with him. The specific cardiovascular diagnosis in each of the affected dogs is given in Table 9 .
CircuUion Rutmttb, Vol. XXIll, August 1968 33,37,44,174,179,180,182, 185,188,241,199,200,233, 253,264,282,301 110,125,150,181,186,206, 211,212,240,254,256,257, 262,283,285,288,302 33,34,131,165,182,186,212, 213,216,218,224,246,283 112,194,215,244,249,955,281 34,110,111,133,186,264 38,132 including one with a persistent left cranial vena cava but no other defects, were retained and each was bred once to an affected parent. These three matings produced 16 pups, two of which had a persistent left cranial vena cava but no other defects.
The results of these breeding experiments are not consistent with any simple genetic hypothesis, but are suggestive of some degree of genetic determination of persistent right aortic arch and persistent left cranial vena cava.
Tetralogy of Fallot and Other Anomalies Attributed to Maldevelopment of the Conal Septum in a Family of Keeshonden
The cooperation of a keeshond breeder whose kennel had produced a dog with tetralogy of Fallot was obtained in 1962, and a prospective study was initiated in the family whose description follows. The propositus of this family was a 1-year-old male keeshond with clinical cyanosis and shortness of breath on exercise. A diagnosis of tetralogy of Fallot with patent ductus arteriosus was made by cardiac catheterization and angiocardiography and was subsequently confirmed by autopsy.
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The entire breeding stock (26 dogs) and all living pups in this kennel were screened for cardiovascular disease in 1962, and all subsequent births have been examined by the same methods. Over a period of 4 years, 58 dogs with cardiovascular malformations were detected. Thirty were produced by test matings and 28 resulted from routine matings planned by the owner. Twenty-eight of the effected dogs were males and 30 were females. Cardiovascular diagnosis was based on postmortem examination in 45 of the affected dogs, and on clinical studies in the remaining thirteen. A pedigree of this family, showing the relationships of all affected dogs is presented in Figure 8 . The frequency with which various malformations occurred is given in Table 9 along with the location of each affected member in the pedigree chart. As originally suggested by the high prevalence rate of tetralogy of Fallot in keeshonden presented to the veterinary clinic, this malformation was common among the offspring studied ( Figure 9 ). When dogs had a ventricular septal defect, pulmonic stenosis, and right ventricu- lar hypertrophy, tetralogy of Fallot was diagnosed, whether or not there was demonstrable overriding of the aorta. Unexpectedly, subaortic ventricular septal defects without pulmonic stenosis were also common, defects ranging in size from small openings of little clinical significance (Figure 10, A) to large defects with partially overriding aorta ( Figure  10, D) . Large defects were found only in young pups which died within the first few days after birth. Patent ductus arteriosus, either alone (seven dogs), or in combination with other malformations (six dogs), was also common. Pulmonic stenosis with intact ventricular septum was diagnosed by cardiac catheterization in two females which are still living, and in one male pup which died in the early neonatal period. In a fourth dog in which no clinical signs of heart disease were evident, there was partial fusion of the right and left cusps of the pulmonic valve on postmortem examination. Aneurysms of the membranous interventricular septum without ventricular septal defects (Figure 11 ) were discovered on postmortem examination in six dogs which had no clinical signs of heart disease. Other anomalies found in this family included tricuspid atresia, retroesophageal right subclavian artery, and persistent left cranial vena cava (Table 9 ).
According to descriptions of cardiac developmental anatomy by Davis (23), Streeter (24) , and particularly by Kramer (25) , the outflow tract of the primitive heart is partitioned by a pair of spirally arranged endocardial swellings or ridges which fuse to form the conus septum (Figure 12, A) . These are continuous distally with a similar septal system which divides the truncus arteriosus into the pulmonary artery and aorta. According to Kramer (25) , "The trunco-conal septal system is brought into line with the interventricular septum at what is destined to be the septum membranaceum. This part of the process is brought about by the apposition and fusion of parts of a ring of endocardial tissue contributed to by the right and left conus ridges, the endocardial cushion tissue at the crest of the interventricular septum, and the right tubercles of the atrioventricular canal cushions, to form the interventricular septum membranaceum."
Based on this description, De La Cruz and Da Rocha (26) have pointed out that abnormalities in the development of the conus septum may be expected to give rise to a variety of malformations, including ventricular septal defects, dextroposition of the aorta with or without pulmonic stenosis, and persistent truncus arteriosus. Aneurysms of the interventricular septum membranaceum, ventricular septal defect, and tetralogy of Fallot, as observed in this family, may thus be attributed to varying degrees of maldevelopment of the conus septum. Isolated defects of the pulmonary valve such as pulmonic stenosis and fusion of the right and left cusps may also be the result of abnormal development of the conus ridges, since the right and left pulmonary valve cusps are derived from these structures (25) . Fusion of the right and left pulmonary cusps has been described in a pig embryo with tetralogy of Fallot by Shaner (27) , and attributed to abnormal development of the aorticopulmonary septum (actually, truncoconal septum by the terminology of Kramer [25] ).
Close examination of the right ventricular outflow tract in dogs with aneurysms of the interventricular septum, ventricular septal defects, and tetralogy of Fallot gave further evidence of maldevelopment of structures derived from the conus septum. In these (no. 182), showing a large ventricular septal defect (V) below the hypoplastic crista supraventricularis. A fibrous raphe (arrow) divides the crista, extending from the septal defect to the pulmonary valve. The area immediately beneath the pulmonic valve has a thickened endocardium, and the valve cusps ore thickened and nodular. The papillary muscle of the conus is absent. Aneurysmal dilatation of the descending aorta is seen at the point of origin of a patent ductus arteriosus (D). dogs, the papillary muscle of the conus was absent or anomalous ( Figs. 9-11 ). This papillary muscle is consistently present in normal dogs in general and in the normal dogs of this family (Fig. 12, C) . According to Van Mierop and Wiglesworth (28) , the papillary muscle of the conus is formed from the lower part of the conus septum, and is often missing or anomalous in man when development of the conus septum is defective.
In dogs with isolated ventricular septal defects or tetralogy of Fallot, the crista supraventricularis was also abnormal, usually lacking the muscular development seen in normal dogs (Figs. 9, B and D; 10, D) . In some newborn dogs with ventricular septal defects, the endocardium of the crista was markedly thickened and "mutinous" in appearance, and the pulmonic valve cusps were also thickened, producing pulmonic stenosis. The crista in others appeared thin and fibrous in its midportion (Fig. 10, D) , or a median fibrous raphe extended across it from the level of the interventricular septal defect to the pulmonic valve (Figs. 9, D; 10, A; and 12, D). This raphe corresponds in position CircuUtion Rtsttrcb, Vol XXIII. Arnault 1968 to the line of fusion of the dextrodorsal and sinistroventral conus ridges described in embryonic hearts by Kramer (25) (Fig. 12, B) .
The left ventricular orifices of ventricular septal defects were located in the pars membranaceum, immediately below the right coronary cusp of the aortic valve ( Fig. 10,  B) . They were usually rimmed by a ridge of thickened, raised endocardium. In dogs with aneurysms of the interventricular septum, a thin translucent membrane was visible in this location, opposite a similar defect in the right ventricular outflow tract at the usual site of the papillary muscle of the conus (Fig. 11, B) .
Midline clefts of the upper lip and palate occurred in four pups, two of which had a cardiovascular malformation as well. Hip dysplasia was detected in a number of members of the family, both with and without congenital heart disease. No attempt was made to ascertain all dogs with defective hips.
Most of the anomalies seen in this family can be attributed to a particular type of disturbance in cardiac development, and the entire spectrum of malformations was seen within a single litter; in some cases, nearly all were seen in a single individual. Furthermore, the particular type of malformation which occurs in the offspring of affected dogs does not appear to be dependent upon the type of malformation in the parents. The distribution of types of malformations in the offspring of matings in which one or both parents had a cardiovascular malformation is given in Table 10 . In this limited series, the observed number of pups with each type of defect is near that to be expected if there were no difference between one type of mating and another as regards the transmission of a particular type of structural defect to the offspring. For purposes of preliminary genetic analysis, the spectrum of cardiovascular malformations seen in this family was thus assumed to be the result of a single type of genetic defect with variable expression, rather than a number of separate single gene defects, each with different effects.
Over a period of four years, 31 complete litters were examined, including 142 pups. These litters include three obtained from •Includes matings in which one or both parents had a cardiovascular malformation. fThis dog had fusion of the right and left cusps of the pulmonary valve without functional pulmonary stenosis. outcrosses of affected female keeshonden to a normal mixed poodle, and two litters which resulted from mating an affected Fi male from the outcrosses to two normal F t females.
Final classification as to normality was based on postmortem examination of the heart in 71 of the offspring and on clinical examination in the remaining 71. Twenty-five of 73 males, and 21 of 69 females were found to have cardiovascular malformations. The distribution of affected offspring in six types of matings is summarized in Table 11 . Within the keeshond family, routine matings between clinically normal dogs produced 22% affected offspring. When the mother but not the father was clinically affected, 77% of the pups had cardiovascular malformations. Only one mating of an affected male to a normal female keeshond was made; the one pup which resulted was affected. In matings in which both parents had congenital heart disease, 59% of the offspring had cardiovascular anomalies.
Three outcrosses of affected female keeshonden to a normal male mixed poodle produced 18 pups, four (22%) of which had congenital heart disease. Matings between one of the affected Fi males (small ventricular septal defect) and two clinically normal F x females produced one pup with tetralogy of Fallot and eight normal pups (all examined postmortem).
These findings are clearly not consistent with fully penetrant autosomal or sex-linked recessive inheritance, since pups with grossly normal hearts on postmortem examination were produced by matings between two affected individuals. Considering only matings among keeshonden in which one or both parents were known to have congenital heart disease, the observed proportions of affected offspring did not differ significantly from those expected under the hypothesis of autosomal dominant inheritance (X 2 = 3.08, df = 2, P -0.20). This mode of inheritance is also suggested by the occurrence of affected offspring in outcrosses of affected keeshonden to an unrelated normal dog, but the number of affected offspring produced in these matings, and in matings between affected and normal dogs of the Fi generation, was significantly lower than would be expected by chance (X J = 5.35, d f = l , P < 0.025). The overall findings indicate that defective development of the conus septum in the keeshond is not inherited as a simple Mendelian trait, but the possibility that it is the result of a single "major" autosomal gene mutation with variable penetrance and expressivity depending on modifying genes and environmental factors, cannot be excluded. The finding that affected dogs within the keeshond family were often born of clinically normal parents might be explained by the existence of dogs in which the gene mutation is nonpenetrant, or in which there is a clinically undetected forme fruste such as an aneurysm of the ventricular septum.
CYTOGENETIC STUDIES
Each of the affected parents of unknown family history and at least one affected member of each family were screened for cytogenetic abnormalities. A total of 15 dogs were studied; all had a normal chromosome number of 78 and normal karyotypes as described by Moore and Lambert (29) and Gustavsson (30) . Both sexes had 38 pairs of acrocentric or telocentric autosomes. In males there was one large submetacentric X chromosome and a small submetacentric Y chromosome. Females had two large submetacentric X chromosomes.
Discussions and Conclusions
As hypothesized from epidemiologic evidence, patent ductus arteriosus in dogs of poodle ancestry, valvular pulmonic stenosis in beagles, and fibrous subaortic stenosis in Newfoundlands, are the result of specific and localized developmental disturbances which are genetically determined. While tetralogy of Fallot in the keeshond breed has a genetic basis, it is only one of a spectrum of malformations which results from what appears to be the same underlying genetic defect. Almost the entire spectrum is referable to abnormal formation of the conus septum, indicating that here again, although there is considerable variation in degree, the developmental disturbance is of a rather specific type. On the basis of current knowl-Orculaiion Research. Vol. XXIII, August 1968 edge of cardiac development, it is difficult to account for the other cardiovascular malformations which occurred in isolated form or with conus septum defects in keeshonden. Anomalous arterial branching from the aorta, tricuspid atresia, and patent ductus arteriosus, however, do involve structures derived from areas of the primitive heart and efferent vessels which are contiguous with, and perhaps subject to, some of the same developmental interactions as the conal region. They might, for instance, be related to defective formation of the conus septum by some inductive influence which affects all of these structures.
Only one pup with persistent right aortic arch was found among 30 born of matings between two German shepherds with this defect, and one pup with apparently unrelated defects was also produced. This suggests that the derangement of development which leads to persistence of the right rather than the left fourth aortic arch is less strongly influenced by genes and less specific than that involved in the other malformations tested. However, since persistent right aortic arch was not found in the offspring of control matings or matings between dogs or within families with other types of congenital heart disease, some degree of genetic control over this malformation appears likely. Persistent left cranial vena cava, which was known to be often associated with persistence of the right aortic arch in dogs (31) , occurred with greater frequency as an isolated defect in the offspring of dogs with persistent right aortic arch than in other types of matings, lending support to the hypothesis that it is influenced by genetic factors and is embryologically related to persistent right aortic arch.
The role of the genetically determined maternal environment in the production of cardiovascular malformations was not adequately assessed by these preliminary studies. It is evident, however, that in most of the malformations tested, affected offspring were produced when either the mother or the father was the only affected parent. This makes it unlikely that defective development was exclusively a maternal environmental effect. Also, while a maternal effect on the incidence of cardiovascular defects in genetically predisposed embryos would not be surprising in view of experience with other types of malformations in experimental animals (32, 33) , the specific and localized nature of the cardiovascular lesions produced is best explained by specific defects in the embryonic genome.
In congenital heart disease and a number of other common types of malformations in man, lack of a high concordance rate in monozygotic twins and failure to find clearcut patterns of single-gene inheritance despite a modest tendency to familial aggregation have suggested that where genetic factors are at all involved, the underlying genotypes are complex and have a low penetrance (34) (35) (36) . A number of noncardiac malformations in experimental animals have been shown to result from complex genetic systems which may interact with subtle factors in the environment (37) (38) (39) . These systems can be broadly classified into two groups: those which involve a single so-called major gene which varies in penetrance because of interaction with a number of modifying genes, and those which are made up of a multiplicity of genes (polygenes), each having a small additive effect and producing a discrete phenotypic trait at some "threshold" on a more or less continuous underlying genetic scale. As has been pointed out by Edwards (40) , the former is the concept of a single gene combined with multifactorial inheritance, and the latter, multifactorial inheritance alone. The hypothesis of a single gene with reduced penetrance shades into that of a true multifactorial system as the single gene becomes of decreasing effectiveness.
Although the studies reported here were sufficient to demonstrate that hereditary transmission of specific defects does occur in the dog, they were not adequate to completely define the modes of inheritance. While chromosomal aberrations have been found in dogs with cardiac defects (41, 42) , cytogenetic studies in this series indicate that the underlying genetic abnormalities are not obvious chromosomal anomalies. It should be emphasized, however, that the degree of resolution in cytogenetic studies of the dog falls short of that obtained in man and most other mammalian species. The large number of morphologically similar telocentric or acrocentric chromosomes in the dog makes identification of homologous pairs difficult, and slight abnormalities in arm length are not likely to be recognized.
It is evident from these initial studies that pulmonic stenosis in beagles, persistent right aortic arch in German shepherds, and conus septum defects in keeshonden are not inherited in accordance with any simple genetic hypothesis. Conus septum defects in the keeshond breed may be produced by a single "major gene" mutation, the penetrance and expressivity of which are modified by other genes and environmental factors. Pulmonic stenosis is one of the anomalies in man which Lamy et al. (43) have shown to have an increased incidence in the offspring of consanguineous marriages. This evidence, and occasional reports of pulmonic stenosis in siblings with normal parents (44) , have suggested that this malformation may sometimes be caused by single or multiple genes of a recessive nature. McKusick (45) tentatively includes tetralogy of Fallot among cardiovascular anomalies which occasionally show autosomal dominant inheritance in man. In Pitt's report (46) of a large family in Australia, eleven members apparently had tetralogy of Fallot or one of its components, all of which were attributed to the pleiotropic effects of a single dominant gene with variable penetrance. The spectrum of anomalies resembled that found in keeshonden (including patent ductus arteriosus and tricuspid atresia). Lynch et al. (47) , in discussing familial aggregations of cardiac malformations which are presumably due to faulty formation of the truncoconal sep-tum in man, also postulated that single mutant genes affecting this morphogenetic process may interact with the environment to produce a variety of defects, including tetralogy of Fallot, persistent truncus arteriosus, and transposition of the great vessels.
Patent ductus arteriosus in dogs was transmitted in a manner which is consistent with simple autosomal dominant inheritance and inconsistent with any other simple genetic hypothesis. The preponderance of females with this defect in clinic population studies is not explained by these limited experiments. While matings of affected to normal dogs (mainly affected males to normal females) did produce a higher proportion of affected females than males, the reverse was true in crosses in which both parents had patent ductus arteriosus. No evidence of differential postnatal survival of females over males was found during the time period in which the offspring have been studied. A number of instances of familial patent ductus arteriosus have been reported in man (48, 49) . As in the dog, pedigrees were consistent with autosomal dominant inheritance.
Family studies and test matings in a family of Newfoundland dogs in which there was a high incidence of fibrous ring subaortic stenosis also gave results which were consistent with autosomal dominant transmission, but "pseudodominant" inheritance of a recessive gene of high frequency in the family could not be excluded since confirmed matings between two affected individuals and outcrosses to unaffected dogs which are not closely related have not been made. Functional muscular subaortic stenosis (50) (51) (52) and supravalvular aortic stenosis (53, 54) are reasonably well established as autosomal dominant traits in man, but subaortic stenosis of the type described here in the dog has not been recognized as a hereditary lesion.
A number of other reports have indicated that genetic factors may be important determinants of congenital heart disease in animals. These include ventricular septal defect in chickens (55) , rats (56) , and Hereford Circulation Research, Vol. XXlll, August 1968 cattle (57); fibrous subaortic stenosis in swine (58) ; and aortic arch anomalies in chickens (59) . Most authors have called attention to breed, strain, or family groups having a high incidence of congenital heart disease. Within groups, there was a strong tendency for all affected animals to have the same type of malformation, indicating that the underlying genotypes had a specific effect on cardiac morphogenesis. Genetic observations beyond the identification of group differences in the incidence of malformations, however, have been attempted in only two instances. In Siller's studies (55) of ventricular septal defects in brown Leghorn chickens and Fox's investigation (56) of the same malformation in Long-Evans rats, interstrain crosses were made, and the incidence of defective offspring in the F t generation was determined. Fox found reciprocal cross differentials in the F x hybrids; the highest incidence of ventricular septal defects occurred when the father was from the high incidence strain. These results indicate that while the defects were largely determined by the genotype of the embryo, secondary factors of maternal or paternal origin may also be involved. No attempt at classical genetic analysis was reported in either the study of rats or the study of chickens, and no specific modes of inheritance were postulated. McKusick (34) has suggested that Siller's data in the chicken may indicate polygenic inheritance. A major barrier to classical genetic analysis in both of these studies was the inability to determine the phenotype without resorting to postmortem examination.
The preliminary studies described in this paper provide the strongest evidence yet available that a variety of isolated malformations of the heart in a mammalian species can be caused by genotypes which have specific and localized effects on cardiac morphogenesis. The lesion specificity of genetic determinants found in the dog, and that suggested by studies in other animals, parallels the finding in man that the same or 200 PATTERSON closely related malformations tend to occur with increased frequency in the siblings of children with congenital heart disease. This observation has been stressed by Campbell (1) as evidence in favor of the importance of genetic factors in the etiology of human congenital heart disease.
Further study of the nature of the underlying genetic determinants in animal models and assessment of their interactions with environmental factors should provide a better basis for understanding the causes of congenital heart disease in man. Animals having lesion-specific hereditary defects in cardiovascular development should also provide insight into basic mechanisms in cardiac embryogenesis, both normal and abnormal. According to current concepts of differentiation and development, local morphogenetic processes such as those involved in closure of the conus septum, formation of the pulmonary valve leaflets, or closure of the ductus arteriosus, are controlled to a large extent by the differential activity of genes within the cells of these tissues, influenced by inductive stimuli from other tissues. An obvious interpretation of lesion specificity in hereditary congenital heart disease is that mutations in genes which are essential to these developmental processes alter normal patterns of development in specific ways. At least in the case of defects which are inherited as single gene mutations, the developmental disturbances are potentially explainable in terms of quantitative or qualitative alterations in specific protein molecules. Through embryologic studies, animal models such as the ones described in this paper thus provide an opportunity to investigate the pathogenesis of cardiovascular malformations at all levels, from the ontogeny of overall form, to the cellular and biochemical alterations which underlie it-in Gruneberg's words, "to see the progress of differentiation interrupted at various points and broken up into genetic unit processes" (39) .
